In this paper, we present a diabatization scheme to compute the excitonic couplings between an arbitrary number of states in molecular pairs. The method is based on an algebraic procedure to find the diabatic states with a desired property as close as possible to that of some reference states. In common with other diabatization schemes this method captures the physics of the important short-range contributions (exchange, overlap and charge-transfer mediated terms) but it becomes particularly suitable in presence of more than two states of interest. The method is formulated to be usable with any level of electronic structure calculations and to diabatize different types of states by selecting different molecular properties. These features make the diabatization scheme presented here especially appropriate in the context of organic crystals, where several excitons localized on the same molecular pair may be found close in energy. In this paper the method is validated on the tetracene crystal dimer, a well characterized case where the charge transfer (CT) states are closer in energy to the Frenkel excitons (FE).
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In this paper, we present a diabatization scheme to compute the excitonic couplings between an arbitrary number of states in molecular pairs. The method is based on an algebraic procedure to find the diabatic states with a desired property as close as possible to that of some reference states. In common with other diabatization schemes this method captures the physics of the important short-range contributions (exchange, overlap and charge-transfer mediated terms) but it becomes particularly suitable in presence of more than two states of interest. The method is formulated to be usable with any level of electronic structure calculations and to diabatize different types of states by selecting different molecular properties. These features make the diabatization scheme presented here especially appropriate in the context of organic crystals, where several excitons localized on the same molecular pair may be found close in energy. In this paper the method is validated on the tetracene crystal dimer, a well characterized case where the charge transfer (CT) states are closer in energy to the Frenkel excitons (FE).
The test system was studied as a function of an external electric field (to explore the effect of changing the relative energy of the CT excited state) and as a function of different intermolecular distances (to probe the strength of the coupling between FE and CT states). Additionally, we illustrate how the approximation can be used to include the environment polarization effect.
I. INTRODUCTION
Exciton diffusion in molecular aggregates, films or crystals is mainly controlled by the excitonic coupling between the electronic excited states localized in the molecular units. 1 The excitonic coupling can be decomposed into different short-range (exchange, charge-transfer mediated and overlap) and long-range (Coulombic) contributions. 2, 3 One of the most widely used theoretical techniques to estimate the excitonic coupling between two molecules is the dipole-dipole scheme developed by Förster 65 years ago. 4 This scheme is based on the electrostatic interaction between the transition dipole moments of the interacting molecules and can provide good estimates of the excitonic coupling as long as the spatial extension of the transition densities in the isolated molecules is smaller than the intermolecular distance. An improved scheme makes use of atomic transition charges instead of transition dipole moments. 5, 6 However, both schemes are only able to capture the long-range (Coulombic) contributions and should be carefully applied, for instance, in organic molecular crystals where the intermolecular distances are commonly found in the 3.5-4.5 Å range (van der Waals contacts). Recently, it has proven that the short-range contributions of the excitonic coupling turn out to be pivotal at van der Waals contacts 7 and could in principle cause a large modulation of the excitonic coupling in molecular crystals as a consequence of thermal nuclear motion, analogous to what is found for the transfer integrals relevant for charge transport. 8 Different diabatization schemes have been successfully derived to estimate the total excitonic/electronic couplings (short-and long-range contributions). [9] [10] [11] These schemes can be mainly divided into two groups: those based on the wavefunction and those based on molecular properties. Among the formers, the block diagonalization (BD), 12, 13 developed by Pacher et al., and the fourfold-way approach, [14] [15] [16] developed by Nakamura and Truhlar, are the most popular and they have been widely applied in the field of photochemistry where conical intersections between different excited states need to be carefully characterized. 17, 18 In the BD approximation, a small set of adiabatic states is rotated by using the unitary transformation that minimizes the distance (in wavefunction space) between the desired diabatic states and a set of reference states which are nearly diabatic states (these reference states are assumed to be always available). The fourfoldway approximation is based on the construction of diabatic orbitals and the construction of many-electron diabatic states in terms of the previous diabatic orbitals. Although these wavefunction-based diabatization methods are rigorous, their implementation is not straightforward and depends on the nature of the wavefunction employed; for instance, the BD approach was only implemented in a complete active space selfconsistent field (CASSCF) framework. 19, 20 Additionally, the extension for non wavefunction-based methodologies, such as the widely-used time-dependent density functional theory (TDDFT) approach or the methods based on the Bethe-Salpeter equation, is less straightforward. Therefore, these wavefuntion-based diabatization schemes are limited to be used in small-or medium-size molecular systems where wavefunction methods can be applied.
In the context of electron or excitation energy transfer, the diabatization schemes based on molecular properties have become more popular. 10, 11 The main advantage of these diabatization schemes is that they can, in principle, be used independently of the level of theory. A particularly frequent choice among these diabatization schemes is the Generalized Mulliken-Hush (GMH) method, 21, 22 which is based on its predecessor method (the Mulliken-Hush model) and identifies the transformation that diagonalizes the adiabatic dipole moment matrix. When the transformation is applied to the adiabatic to describe the nature of the lowest-energy excitons in these oligoacene crystals is still highly debated [41] [42] [43] [44] [45] [46] and, therefore, a diabatization scheme insensitive to the level of theory would be also demanded.
Other interesting situations, where a multi-state diabatization scheme would be required, may be those where the interacting molecular systems present degenerate or quasi-degenerate excited states. This is common for relevant molecular systems such as porphyrines, 47 coronenes, 48 and fullerene derivatives 49 as well as for polymeric systems where a large number of excited states close in energy can be found. 50, 51 Additionally, there are often dark states that need to be taken into account like the multi-excitonic state responsible for singlet fission in some materials. 52 More generally, the representation of the excited state of a system as a linear combination of a small subset of interacting diabatic states is the key step for the construction of models for very large systems of interacting chromophores. The ability to generate such diabatic models with a standardized procedure is therefore particularly useful for the most complex exciton physics problems that are currently under investigation. 53 In this paper, we present a general diabatization scheme to compute the excitonic couplings between multiple excited states in molecular dimers. The diabatization scheme is based on molecular properties, independent of the level of theory and, thus, particularly suitable in the context of organic molecular crystals. We present the results for the tetracene crystal dimer, a very well-studied case where an important mixture of FE and CT states in the lowest-energy singlet excitons is expected. The methodology will be used to explore the effect of the energy position of the CT state, the importance of the short-range interactions and the potential role of environmental polarization effects.
II. THEORETICAL MODELS AND COMPUTATIONAL DETAILS

A. Calculation of excitonic couplings in a general n-state approach
We consider a dimer system with n adiabatic singlet excited states of interest, 
 
The adiabatic excited states can be related to a set of diabatic excited states
by means of an orthogonal transformation such as
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The "best" diabatic wavefunctions have a very well defined character (e.g. Frenkel exciton localized on one molecule, charge transfer excitons) which is not modified by small changes in the system. There is not a unique way to define diabatic wavefunctions (sometimes called "quasi-diabatic") and different prescriptions have been given in different contexts. 9, 10 The arbitrary nature of the diabatic basis is something that should be kept in mind and is ultimately related to a theorem demonstrated by Mead and Thrular on the impossibility of defining the ideal diabatic basis. 54 Once the orthogonal transformation matrix
is determined, the adiabatic Hamiltonian (eq 1) can be related to the diabatic Hamiltonian as 
We can assume that, using chemical intuition, it is possible to define the "ideal" diabatic electronic transition charge matrix ( 
B. Computational details
Excitation energies and the atomic transition charges for the dimers and monomers of tetracene were calculated in the framework of the time-dependent density functional theory (TDDFT) by using the long-range corrected ωB97X-D 59,60 density functional and the 6-31G* basis set. The ωB97X-D density functional has proven to provide an accurate description of valence and charge-transfer excitations in molecular dimers and avoids the typical underestimation of the charge-transfer excitations found in standard hybrid density functionals. 61 In any case the methodology presented in this paper is independent from the choice of electronic structure calculation methods. All TDDFT calculations have been performed by using the Gaussian 09 program package.
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III. RESULTS AND DISCUSSION
A. Coupling between FE and CT states in the presence of an external electric field
To validate our diabatization scheme to compute excitonic couplings between more than two electronic excited states in molecular dimers, we have selected the tetracene dimer of the crystal unit cell (Figure 1a ) as our first model system. The structure of the tetracene dimer has been directly extracted from the crystal structure and has not been optimized. 63 In the crystal cell dimer, we have computed the first adiabatic electronic transitions in the framework of TDDFT at the ωB97X-D/6-31G* level. The three lowest-energy adiabatic excited states are mainly described by combinations of oneelectron promotions from the highest occupied molecular orbitals (HOMO and HOMO−1) to the lowest unoccupied molecular orbitals (LUMO and LUMO+1, see CT-type excited states. 40 It is also important to note that the two lowest-energy possible CT excited states in the dimer are not equivalent due to quadruple interactions 64 and, therefore, only the lowest-energy CT state is energetically closer to the lowest FE excited states and more mixed with them.
Although the discussion above has focused on the tetracene dimer of the crystal unit cell, other different dimers, for instance the slipped π-stacked dimer ( Figure S1 in the supplemental material 65 ), can also be of great relevance to understand the exciton transport in the tetracene crystal. However, in the symmetric slipped π-stacked dimer of tetracene (similar to the symmetric slipped π-stacked dimer of pentacene 66 ), the lowestenergy excited states are FE-type states and CT excited states are not close in energy ( Figure S1 ). Hence, for this symmetric dimer, only the coupling between the two lowest FE excited states needs to be computed and the multistate approximation presented here is easily simplified to a two-level approximation. Since our goal is to show the potential of the approximation to compute excitonic couplings in a complex scenario (when more than two excited states are close in energy), this symmetric dimer is only briefly discussed in the supplemental material. singlet excited states is similar to that previously discussed without electric field, that is, the first two excited states mainly correspond to FE-type states while the third excited state is a CT-type state (Figure 1b ). In the region for Fy between −0.0008 to −0.0022 a.u., the description of S1, S2, and S3 is more complicated owing to the significant mixture between the FE-and CT-type configurations. Below −0.0022 a.u., the nature of S1, S2, and S3 becomes again simpler but now S1 corresponds to the CT excited state whereas S2 and S3 are FE-type excited states, respectively. In the limit of Fy = −0.0040 a.u., the S1 state is mainly described by only one HOMO → LUMO monoexcitation, states. In fact, the prediction of excitation energies of CT states is a well-known problem in the standard TDDFT framework. 67 In this sense, the example presented above represents a meaningful test regardless of any potential inaccuracies of TDDFT as the energy of the CT state has been tuned by applying an electric field.
Although the excitonic couplings discussed so far have been computed by means of ATCs, it should be mentioned that similar excitonic couplings can be computed with different molecular properties, for instance, transition dipole moments (see Table S1 ).
Hence, the developed methodology can be accessible to experimentalists since physical observables as input parameters can be used. Additionally, it is worth mentioning that if dipole moments for the electronic states of interest were used, the methodology developed may be applied to compute electron-transfer couplings similar in spirit to the Generalized Mulliken-Hush approximation. 
B. Inter-molecular distance dependence of the excitonic couplings
It has been shown that, when the intermolecular distance between the tetracene molecules of the crystal unit cell dimer decreases, a higher mixture between the FE and CT excited states occurs. 68 In this sense, we have applied the developed methodology to analyze the dependence of the excitonic couplings on the intermolecular distance in the crystal cell dimer of tetracene. Figure 3 shows the adiabatic and diabatic excitation energies computed for the three lowest energy singlet excited states as well as the JFE1-FE2, JFE1-CT, and JFE2-CT excitonic couplings as a function of the intermolecular distance.
At distances larger than the crystal structure (3.7 Å), the first two excited states can be mainly described as FE-type states while the third one is a CT excited state (Figure 1b) .
At short intermolecular distances this simple description is no longer valid due to the significant mixture of FE and CT excited states. In the limit case analyzed (a very short intermolecular contact of 2.9 Å), the S1 excited states is now a CT state and S2 and S3 between the three states) and with the large energy difference between the CT and the two FE states (more than 0.5 eV, Figure 3 ). It should also be noted that such an evaluation of the excitonic coupling from short to long distances demands the use of a methodology that treats short and long range coupling terms on the same footing, like the one proposed here.
An additional study to investigate the evolution of the excitonic coupling at very long intermolecular distances is given in the supplemental information 65 ( Figure S2 ). The and, therefore, a model that ignores the presence of this state will incorrectly capture the coupling between the FE states. Specifically the JFE1-FE2 excitonic coupling in the twostate approximation appears to decrease until becoming negative and much larger in absolute value that the "correct" coupling evaluated with the three-state approximation.
The approximation completely breaks down at very short intermolecular distances (< Figure S4 in the supplemental material 65 compares the JFE1-FE2 couplings computed with three-state approximation and with the FED 7 scheme.
In the FED scheme, the sign of the excitonic coupling is not consistently computed and can fluctuate with the intermolecular distance. Figure S4 also displays a breakdown for the FED scheme at short intermolecular distances, which is expected because this scheme computes the couplings only between two excited states and is unable to take into account the effect of a third state when it is close in energy to the two singlet excited states of interest.
C. Environment polarization effects
An interesting aspect to analyze is the possibility of capturing environment polarization effects through the diabatization scheme proposed. To do so, the adiabatic energies and ATCs for the first three singlet excited states for the tetracene dimer of the crystal unit cell have been computed at the ωB97X-D/6-31G* level in the presence of a polarizable continuum surrounding the molecules and described by the PCM model. 70 In combination with the TDDFT approximation, the PCM model is used in its standard linear response implementation (nonequilibrium) where it is assumed that the fast solvation degrees of freedom are equilibrated with the excited state density of the solute. and S2 (mainly described as FE-type states) are hardly affected in the range of εr analyzed whereas a notable increase of the adiabatic energy (0.2 eV) as εr augments is found for S3 (mainly a CT excited state). The latter finding seems to be unexpected but has been also found for the case of pentacene ( Figure S5 ). This can be explained if the JFE1-CT coupling is analyzed in more detail ( Figure 5, bottom) , where JFE1-CT increases as a function of εr and, in principle, a larger mixture between the FE1 and CT states is expected. This is confirmed by the TDDFT calculations where a larger contribution of the diabatic FE1 configuration is present in S3 ( Figure S6 ). The increase of JFE1-CT can be also visualized in the computed diabatic energies ( Figure 5 , middle); while the energy for the diabatic FE2 state is predicted to be similar to that computed for S2, the energies for the diabatic FE1 and CT states are shifted respectively to higher and lower energies with respect to their homologous S1 and S3 adiabatic states. These results therefore suggest that, in the crystal environment, a larger mixture between FE and CT states than in vacuum is expected.
These findings highlight that the method presented to compute excitonic couplings can capture environment polarization effects without further modification, if such effects are sufficiently well described by a quantum chemical methodology that 
IV. CONCLUSIONS
In this contribution, we have presented a novel diabatization scheme to compute excitonic couplings between multiple excited states in molecular pairs. The scheme is based on an algebraic procedure (orthogonal Procrustes problem) to find the diabatic states with a desired molecular property as close as possible to that of some reference
states. In addition to the possibility to deal with multiple excited states, the method is capable of capturing the physics of the important short-range (exchange, overlap and charge-transfer mediated terms) and long-range (Coulombic) contributions. These properties make the diabatization scheme especially appropriate in the context of organic molecular crystals, where the short-range interactions are of special relevance and several excited states close in energy can be found. Furthermore, the diabatization scheme is able to indirectly take into account solvent effects.
We have applied the developed diabatization scheme to the particular case of the tetracene crystal dimer, which is a good example because the lowest Frenkel and charge-transfer singlet excited states are close in energy and they are mixed together.
Our results reveal that the developed approximation can successfully predict the crossing region between the charge-transfer singlet excited state and the two lowest
Frenkel singlet excited states in the two selected tests (by applying an external electric field and by decreasing the intermolecular distance). We have shown that the excitonic couplings computed within the three-state approximation present a continuous behavior and do not suffer from a breakdown as it is the case when only two states are considered. Additionally, we have shown that the coupling between one Frenkel state and a charge-transfer state is increased when augmenting the relative dielectric constant
